For the high carrying capacity of the human-carrying walking chair robot, in this paper, 2-UPS+UP parallel mechanism is selected as the leg mechanism; then kinematics, workspace, control, and experiment of the leg mechanism are researched in detail. Firstly, design of the whole mechanism is described and degrees of freedom of the leg mechanism are analyzed. Second, the forward position, inverse position, and velocity of leg mechanism are studied. Third, based on the kinematics analysis and the structural constraints, the reachable workspace of 2-UPS+UP parallel mechanism is solved, and then the optimal motion workspace is searched in the reachable workspace by choosing the condition number as the evaluation index. Fourth, according to the theory analysis of the parallel leg mechanism, its control system is designed and the compound position control strategy is studied. Finally, in optimal motion workspace, the compound position control strategy is verified by using circular track with the radius 100 mm; the experiment results show that the leg mechanism moves smoothly and does not tremble obviously. Theory analysis and experiment research of the single leg mechanism provide a theoretical foundation for the control of the quadruped human-carrying walking chair robot.
Introduction
Walking aids have been a research hot point for several years [1] . The human-carrying walking chair robot, which is one of walking aids, could help the elderly and the lower limb disabled walk freely in the outside and navigate on uneven ground.
The human-carrying walking chair robot, which is different from the wheeled robot and the ordinary legged robot, not only needs to steadily walk by using leg mechanism as supporting point [2, 3] , but also needs to bear weight from itself and different passengers [4] . These put forward higher requirements for performance of the leg mechanism of the walking chair robot. At present, most of humancarrying walking chair robots for the elderly and the lower limb disabled are implemented by selecting serial mechanism as leg mechanism [5] [6] [7] [8] [9] , such as the I-Foot robot, the Hubo FX-1 robot, and the Hyperion4 robot. Using the serial mechanism as the leg mechanism, the whole volume and weight of the robot are bigger and the carrying capacity is smaller. For instance, the robot I-Foot is 200 kg in mass and can carry a person with 60 kg; Hubo FX-1 is 150 kg in mass and can bear the load of 100 kg. Compared with the serial mechanism, parallel mechanism (PM) can make up for the deficiencies of the serial mechanism and form the complementary relationship with the serial mechanism [10] [11] [12] . For example, the WL-16RIV biped walking chair robot which was designed by Waseda University is 68 kg in mass and can bear a person with 75 kg, or the goods with 80 kg. So PM is the best choice for the leg mechanism of humancarrying walking chair robot.
Since the PM with limited DOF (degrees of freedom) has the advantages such as the simple mechanical structure and low cost in design, manufacturing, and control, the PM with less than 6 DOF is widely used. Analyzing the leg mechanism of the human-carrying walking chair robot, we could find that its DOF are 3 (including swing back and forth, swing left and right, and lifting up and down). Configurations of meeting motion requirement are symmetrical 3-UPU PM [13] , 3-PUU PM [14] , and 3-RPS PM [15] and asymmetrical 2-UPS+UP PM, UPS+SPR+SP PM, and UPS+UP+UPR PM. The 3-UPU PM is difficult to ensure that the axis of two universal joints for each branch is parallel when the installation is finished. The arrangement of the prismatic joint for 3-PUU PM is difficult and the 3-PUU PM has poor motion performance as the leg mechanism. Each branch of the 3-RPS PM has a constraint force on the moving platform. If 3-RPS PM is selected as the leg mechanism of the walking chair robot, the body mechanism of the walking chair robot may not move because of the constraint forces coupling of the multiple branches. Each branch of asymmetrical UPS+SPR+SP PM and UPS+UP+UPR PM is different, so it is difficult to modular design and manufacturing each branch of the leg mechanism. The motion of asymmetrical 2-UPS+UP PM is determined by the UP branch, and two branches are the same in the whole leg mechanism. So it is easy to be designed and manufactured.
The output workspace of the reference point in the moving platform of the PM is one of the important indexes for PM performance. In general, the numerical method and geometry method are used to solve PM workspace. The numerical method, namely, the reachable workspace of the leg mechanism, is obtained by analyzing the constraint relationship and inverse position kinematics of the mechanism [16] [17] [18] [19] . The geometry method, namely, the reachable workspace of the leg mechanism, is solved by analyzing constraint relationship of the leg mechanism and using computer software [20] [21] [22] . However, the reachable workspace conducted by these two methods cannot be applied to the control of the PM because of existing poor performance areas, so the optimal motion workspace needs to be found in reachable workspace further [23] .
In this paper, the 2-UPS+UP parallel leg mechanism (PLM) of the human-carrying walking chair robot is discussed in detail. First of all, according to the prototype model, the forward position kinematics, inverse position kinematics, and inverse velocity kinematics are analyzed. Based on the design size and the structural constraints, the reachable workspace of the 2-UPS+UP PLM is solved. Selecting the condition number as the evaluation index, the optimal workspace is found in the reachable workspace and this workspace is used as the motion workspace. Then, on basis of the motion workspace and kinematics analysis, the control system of 2-UPS+UP PLM is designed and the compound position control strategy is studied. Finally, in optimal workspace, the compound position control strategy is verified by using circular trajectory with the radius 100 mm.
Design of the Whole Mechanism
The prototype of the human-carrying walking chair robot is shown in Figure 1 . The whole mechanism consists of seat, upper platform, leg mechanism, and control system; among them, the seat, upper platform, and control system are collectively called the body mechanism. The photo and the structure sketch of the single leg mechanism which is 2-UPS+UP PM are shown in Figures 2 and 3 .
This leg mechanism consists of the upper platform , the lower platform , two UPS branches, and one UP branch. The joint of the UPS branch is made up of one rotation joint and one universal joint, as shown in Figure 2 and the points 5 , 6 in Figure 3 . Both of the upper and lower platforms are equilateral triangles and their sides are and , respectively. Consider ∠ 2 1 3 = 2Φ, ∠ 2 1 3 = 2 . The hinge points among three branches and the upper platform and the lower platform are , ( = 1, 2, 3), respectively. The global coordinate frame 1 -is established at point 1 on the upper platform. Axis is parallel to 2 3 . Axis is upward and vertical to the upper platform, and axis is determined by the right-hand screw rule. The moving coordinate frame 1 is fixed at point 1 . Axis is parallel to 2 3 . Axis is upward and vertical to the lower platform, and axis is determined by the right-hand screw rule. According to Figure 2 , some structural parameters are defined as follows.
1 , 2 are the thickness of the upper platform and the lower platform. 1 is the distance between the connecting hole of connector 1 and the end face of the upper platform. 2 is the distance between the center of universal joint and the connecting hole of universal joint. 3 is the distance between the two connecting holes of connector 2. 4 is the distance between the two connecting holes of connector 3. 5 is the distance between the connecting hole of connector 4 and the end face of the lower platform. 6 is the length of the rotation joint. The design value of these parameters is shown in Table 1 .
According to -formula [24] , the DOF of the 2-UPS+UP PM could be obtained by
where is the order number of mechanism, is the number of mechanism components, is the number of kinematic joints, Journal of Robotics is the number of DOF for the th kinematics joint, and V is the number of the redundant constraints of the mechanism.
Based on (1), we find that the single 2-UPS+UP PM which is elected as the leg mechanism cannot meet the motion requirements of the whole mechanism, so the passive sphere is added in the end face of the lower platform.
In order to ensure contact force of the end point of the leg mechanism along the direction of the branch, the sphere joint is added in the junction between each branch of the leg mechanism and the lower platform, as shown in Figure 4 . At this point, the leg mechanism consists of 2-UPS+UP PLM and foot. For the foot section, there are three motion states: one sphere joint contacting with the ground, two sphere joints contacting with the ground, and three sphere (1) One Sphere Joint Contacting with the Ground. Under this state, the DOF of the foot section is computed as
(2) Two Sphere Joints Contacting with the Ground. Under this state, the DOF of the foot section are obtained as 
It is seen by (2)- (4) that the foot section of the single leg mechanism could be simplified as a sphere joint with 3 DOF. So the DOF of the whole leg mechanism could be computed as
The DOF of the single leg mechanism is 6; that is to say, the leg mechanism has no constraint to the body mechanism. So the DOF of the body mechanism is 6.
Due to the fact that the motion of the foot section has no effect on the leg mechanism motion, only 2-UPS+UP PLM mechanism is analyzed.
Position Analysis of the Leg Mechanism
Position analysis of the leg mechanism is very important to the kinematics analysis and the control of the mechanism. So the forward and inverse position analysis is conducted in this section. 
Inverse Position Analysis.
Inverse position analysis is to find length change of each branch when the position of the point 1 is known.
According to the coordinate frame established in Figure 3 , each point of the upper platform in the global coordinate frame could be described as
where = sin( ), = cos( ).
The center point of the upper universal joint in the global coordinate frame could be written as
where 1 is the design size of the leg mechanism and 1 =
Each point of the lower platform in the moving coordinate frame could be described as
The lower endpoint of the UP branch and the center point of the lower universal joint in the UPS branch could be expressed as
where 2 , 3 are the design size of the leg mechanism and
Each point in the moving coordinate frame could be transformed to the global coordinate frame as follows:
where 1 R is the rotation transformation matrix from the moving coordinate frame to the global coordinate frame and
]. E 1 is the position vector of point 1 , and
Due to the constraint of the UP branch, the geometric constraint relationship of the leg mechanism can be written as follows:
where R 1 and R 2 are the first and second revolute axes of the universal joint U of branch UP, respectively; n 11 is the direction vector of the UP branch. According to the established coordinate frame, the following equation can be obtained:
Putting (9), (10), and (12) into (11), the following equation can be obtained:
According to (13) , --Euler angles are selected, and the final transformation matrix can be expressed as follows:
where and represent the rotation angle along axis and axis in the global coordinate frame.
Combining (13) with (14), the following expressions are obtained:
The length change of each branch could be expressed as
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3.2. Direct Position Analysis. Forward position analysis is to find the position of the point 1 when the length change of each branch is given. The two equations of (17) can be simplified by squaring then adding and subtracting as follows:
where 
where
and
Multiplying both sides by in (19) , the other two equations could be obtained. These four equations can be transformed into matrix form as follows: 
A is a matrix about the variable . Because of U ̸ = 0, so the sufficient and necessary condition of (22) 
Observing (24), it can be found that the highest power of the variable V is 8. That is to say, there are 8 real roots at most in (24) . After solving the variable V, the variable could be computed by the following equation: .
On basis of the above solving, value of the variables , could be computed; then the value of the point E 1 could be obtained.
Velocity Analysis of the Leg Mechanism
According to (16) , the length change of each branch in the leg mechanism can be rewritten as Taking one derivative to both sides of each equation in (26), the velocity of each branch can be got:
where n 1 is the direction vector of each branch,̇1 is the velocity along the branch direction of each branch, and w 11 is the angular velocity of each branch.
Taking the dot product n 1 on both sides of each equation in (27), the following equation could be derived:
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Taking the cross product on both sides of the first equation in (27), the relationship between the angular velocity w 11 and the velocity of the point 14 of the UP branch can be obtained:
Combing (28) and (30), the following equation could be derived:q
In the same way, (29) could be transformed as
where J 12 = I−(( (b 14 ) (n 11 ))/ 11 ) and S( * ) is antisymmetric matrix. If J 12 exists the inverse matrix, transitive relation between the input and output for velocity of the leg mechanism could be expressed by the following equation:
where J 1 = J 11 J 12 −1 .
Workspace Analysis

Reachable Workspace Analysis of Leg Mechanism
Workspace. The size and shape of the reachable workspace of 2-UPS+UP PM are restricted by the following factors:
(1) limitation of universal joint; (2) limitation of the branch length; (3) interference among the branches. The restraint relationships could be expressed as follows:
where is real angle of the universal joint; max is the allowable maximal angle of the universal joint; 1 min is the minimum of the branch length; 1 max is the maximum of the branch length; 1 is the shortest distance among the branches; is the maximum diameter of the upper and the lower rods of the branch.
In order to simplify the calculation, the lengths of 2 , 3 , 4 , and 5 are recorded into the length of UP branch, and 2 , 3 , and 6 are recorded into the length of UPS branch. According to value of design parameters and position analysis of parallel mechanism, the reachable workspace of the point 1 could be obtained by giving the initial sphere workspace with radius 1200 mm and the restraint relationships of in (35). The result is shown in Figure 5 . From Figure 5 , it can be seen that this workspace has the following characteristics.
(1) The reachable workspace of the point 1 is composed of inner and outer surfaces. The inner surface is the inner constraints surface of the mechanism; the outer surface is the outer constraints surface of the mechanism.
(2) The reachable workspace of the point 1 is symmetrical about axis , but it is asymmetrical about axis .
Optimal Motion Workspace.
Observing the reachable workspace of 2-UPS+UP PM, it could meet the workspace requirement of the leg mechanism, but some areas in the reachable workspace are not the good motion area because of the motion performance of the mechanism being poor. So the optimal motion workspace in the reachable workspace needs to be found to apply to the trajectory planning of the end point 1 .
For motion performance of mechanism, the condition number of Jacobin matrix can be used as evaluation index:
where cond(J 1 ) is the condition number of Jacobin matrix, max is the largest singular value, min is the smallest singular value, max is the maximum eigenvalue of the matrix J T 1 J 1 , and min is the minimum eigenvalue of the matrix J T 1 J 1 . The condition number indicates the distortion of input and output of the mechanism. If the value of the condition number is smaller, the motion performance of the mechanism is better. So the change of the condition number in the whole reachable workspace needs to be analyzed.
Using simulation software, the change of the condition number in the whole reachable workspace can be obtained as shown in Figure 6 . Observing these figures, the following conclusions could be obtained.
(1) With the increase of height, the condition number of the leg mechanism is gradually decreased.
(2) At the same height, with the increase of the values , , the condition number of the leg mechanism increases gradually and increase to the maximum when reaching the edge of the reachable workspace. Hence the leg mechanism should avoid movement in the reachable workspace boundary as soon as possible when the trajectory planning. 
Experiment Research of the Leg Mechanism
Experiment research of the leg mechanism is very important to the whole human-carrying walking chair robot. In order to build the control system of the walking chair robot, the motor controller and motor driver are developed by our research group as shown in Figure 7 . The single chip computer PIC18F452 is used for motor controller, and CPLD chip XC9536-7VQ44C is applied for motor driver. This controller could realize three control modes (position control, velocity control, and current control), and the three control modes could be switched at any time.
The whole hardware system consists of the leg mechanism, the control system, power modular, and host computer as shown in Figure 8 . The control system includes three controllers and three drivers to control servomotor of the three branches, respectively. There are two power modules. One power module converts voltage from AC 220 v to DC 24 v to supply the driver energy, and the other converts from DC 24 to DC 9 v to supply the controller energy. Communication way of the controller is RS-485, while the host computer is RS-232; so serial port conversion module is added. Using LabView software, control program is written in host computer.
Kinematics Control Strategy Based on the Joint Space.
The control strategy based on the joint space is that every branch of the PLM is regarded as single input single output system. That is to say, the position and orientation of the moving platform could be realized by controlling the motion of each branch. The control block diagram is shown in Figure 9 . The control strategy is described as follows.
First of all, the motion trajectory for the reference point of the moving platform is planned in the optimal workspace. Second, according to control cycle, the planning motion trajectory of the moving platform is discretized. Method of the discretization is as follows.
(I) Based on the planning trajectory for the reference point of the moving platform and the inverse kinematics of the leg mechanism, the motion planning trajectory of each branch is computed by MATLAB software.
(II) The initial position for the motion planning trajectory of each branch is offset to 0, and then the motion control trajectory could be obtained.
(III) Based on control cycle, the motion control trajectory of each branch is discretized and the desired position and velocity for instruction of the controller is obtained.
Finally, according to control cycle, the instruction is set to the corresponding controller and the motion planning trajectory of each branch is realized.
In the motion process, the controller uses the compound position control strategy to control the motion of the leg mechanism. The compound position control strategy is that the mechanism is controlled by constantly switching the position control mode and the velocity control mode. The control process is shown in Figure 10 . The velocity control is firstly used between two discrete points, and then the position control is adopted when the distance between current position and the second discrete point is less than Δ . The velocity is controlled by using trapezoidal control mode and the acceleration and deceleration cycle could be set according to the requirement. 
Experiment Research of the Leg
On basis of (37) and inverse kinematics of the leg mechanism, the position and velocity of the three branches could be computed by the simulation software, as shown in Figure 11 . According to the design of the leg mechanism, the length of branch one is in the range 591. The position and velocity of three branches are obtained by offsetting the simulation data, and then the results are saved as a binary file to load into the control program. The motion of the 2-UPS+UP PM for 5 s is controlled by the control program and the result of the movement is shown in Figure 12 . The run time of the controller for each control cycle is 0.464 ms, and a set of the movement data which consist of position data and velocity data is taken out at regular intervals with 256 control cycles. Therefore, in the process of the whole movement, a maximum of 42 sets of data could be saved. The curves are formed by using 42 sets of data, as shown in Figure 13 .
Observing Figure 13 , the following conclusions could be obtained.
(1) The real position trajectories of the leg mechanism are stable and fluctuation is not obvious. So using the compound position control strategy is suitable for the human-carrying walking chair robot.
(2) In some areas, the velocity of the branch is zero such as the starting, crossing zero, and the end, as shown in Figure 12 (b). The cause of this result is that no data Based on the above experiment analysis, we could know that this controller is not suitable for the precise control requirements, but it is enough for the control system of the human-carrying walking chair robot because control accuracy is undemanding.
Conclusions
Conclusions are as follows. (1) Based on theory analysis (such as forward position analysis, inverse position analysis, and inverse velocity analysis), the structural constraint and condition number, and the optimal workspace of 2-UPS+UP PM are obtained.
(2) The control system of the leg mechanism for the quadruped human-carrying walking chair robot is designed, and the compound position control strategy is studied. Through experiment verification, it is found that the control strategy is not suitable for the precise control requirements, but it is enough for the control system of walking chair robot.
(3) In the experimental process, the real-time operation is conducted by host computer, but the operating system of host computer influences the time of sending and receiving data. So, in the future design of the control system of the whole walking chair robot, single chip computer is added to improve the realtime performance.
